Abstract-This paper presents an unusual conductive polymer composite, produced by Peratech Ltd under the trademark QTC™, which has many vapor sensing applications. Nickel particles are intimately coated by an elastomeric binder such that no percolative conduction can occur. However, the nickel particles are shown to possess spiky nanoscale surface features, which promote conduction by a field-assisted quantum tunneling mechanism. Granular QTC™ can be dispersed into a polymer matrix to produce a vapor sensor. Under exposure to vapor, the polymer swells and the resistance of the composite increases. In this work, granular sensors are subjected to acetone and tetrahydrofuran (THF) vapors. The response for THF shows an increase in resistance of a factor of 10 8 , over a time-scale of a few seconds. This response is larger and faster than many conventional vapor sensing composites. This is a significantly larger response than that obtained historically for the same sensor, suggesting that some degree of sensor aging is desirable. The response and subsequent recovery can be explained by a case II diffusion model, and linked to Hildebrand solubility parameters of the vapor and polymer components.
I. INTRODUCTION
Artificial olfaction has extensive applications in the detection of volatile organic compounds (VOCs), for example in health, defense and manufacturing industries. In the defense industry, electronic noses should give a swift, reliable response upon exposure to harmful vapors such as nerve agents, for example carbon nanotube based sensors can be used to detect very low concentrations of dimethyl methylphosphonate (DMMP) which is a simulant for sarin [1] . Furthermore, the response is magnified by nanoscale structuring on the surface of the carbon nanotubes. In healthcare, it is known that exhaled breath contains thousands of VOCs, some of which may act as a biomarker for certain diseases. Vapor sensors have been produced which have the ability to detect the VOCs characteristic of cancer cells and asthma [2, 3] . Figure 1 . A typical nickel particle used in QTC™ materials, with a diameter of 7 µm. The particle has a spiky surface morphology, with clearly visible surface protrusions. These nanoscale features give the material its unusual electrical properties. Charge is stored on the spiky tips, promoting conduction by field-assisted (Fowler-Nordheim) quantum tunnelling.
Vapor sensors can be realized by a number of different techniques. Amongst the best understood are those that use the principles of gas chromatography and spectrometry. However, such systems are not very portable and often require a trained operator. Other techniques for the detection of VOCs include catalytic bead sensors, metal oxide semiconductor sensors, amperometric sensors and colorimetric sensors [4] . The sensor discussed in this paper is a type of chemi-resistor, where the resistance of the sensor changes upon absorption of a vapor into the host polymer. This type of sensor is often preferred over other olfaction sensor technologies, as it can be cheap and easy to produce, requires no direct user control, and may be suitable for printing onto a substrate. Furthermore, past findings have suggested that nanoscale structuring of the sensor material greatly enhances the magnitude and sensitivity of the sensor response [1, 5, 6] . This paper presents a novel material which consists of nickel particles of diameter 1 -10 µm intimately coated by a silicone elastomeric matrix. The nickel particles have a spiky surface morphology, as shown in Fig.1 . The nanoscale features on the particle surface allow electrical conduction through a field-assisted (Fowler-Nordheim) quantum tunneling mechanism instead of only by direct contact percolation, such that QTC™ materials are capable of exhibiting great sensitivity of the electrical properties to applied pressure. This is discussed in more detail in earlier published works [7, 8] . Proceedings of the 13th IEEE International Conference on Nanotechnology Beijing, China, August 5-8, 2013 Previous work on this material in a granular form has shown that the electrical resistance of the granules can change over several orders of magnitude upon exposure to a range of VOCs, where the response time is typically of the order of a few seconds [9, 10] . Additionally, work by Graham et al investigated the dispersion of QTC™ granules in a host polymer, producing an ink-like material that can be printed onto electrodes, in order to create a basic electronic nose [11, 12] . Peratech Ltd already holds a patent regarding the vapor sensing properties of this material [13] . Further development of this material may make it suitable for screen printing, allowing an electronic nose to be printed onto a wide range of base materials quickly and cheaply. Inkjet printing has shown to be a viable option for other vapor sensors, for example polythiophene conductive polymers [14] .
Vapor Sensing Properties of a Conductive
In this paper, the electrical response of granule-based sensors were investigated for high concentrations of both acetone and tetrahydrofuran (THF) vapors, in a continuation of earlier work conducted by Graham in 2007 [11] . THF was chosen as historically this has produced a large, repeatable response for these sensors. Comparison between data obtained here and data reported by Graham et al for the same sensor in 2007 allowed the effect of aging of the sensor on the magnitude and repeatability of the sensor response to be investigated. Acetone was chosen as it is a common industrial solvent, where safety regulations stipulate that a short-term exposure limit of 1500 ppm must not be exceeded. Hence the detection of acetone vapors is of practical importance in many industries.
II. THEORY

A. Conduction Mechanisms and Vapor Sensing in Conductive Polymer Composites
Composites consisting of electrically conductive filler particles dispersed in an insulating matrix have been studied for over 60 years, where typical fillers include carbon black, expanded graphite and carbon nanotubes [15] [16] [17] . The filler loading affects the intrinsic conductivity of the composite; for a loading at or above the percolation threshold the conductivity is seen to increase dramatically. This is primarily explained by percolation theory or effective medium models. Under exposure to a vapor, the polymer matrix may swell, increasing the distance between neighboring filler particles so that the electrical conductivity of the composite decreases. Swelling of the polymer is greatest when there is a match between the solubility parameter of the polymer and that of the vapor. Each element in an array of sensors can be designed to give an optimum response to an assortment of chemical vapors, thus producing an electronic nose. The typical response time is usually of the order of a few minutes. The largest responses are produced by operating the system close to the percolative conduction threshold. However, near the percolation threshold, small changes in filler content result in large changes in electrical response so that it becomes difficult to produce reliable sensors capable of giving repeatable results.
Here, the material consists of nickel particles fully wetted by a silicone elastomeric binder. Because the nickel particles are completely wetted by the polymer, even at loadings above the percolation threshold there is no direct contact between adjacent particles and the material has a very high resistance. However, upon any mechanical deformation, the material has been shown to exhibit a very large decrease in resistance. For example, during compression the sample resistance can fall by a factor of > 10
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. It has also been shown that charge concentration at the tips of the spiky filler particles results in large electric fields, so that charge transport occurs through field-assisted quantum tunneling rather than by direct contact between the particles [7, 8] .
The granular form of this material can be used to produce a vapor sensor which is capable of solving some of the issues highlighted above. The granules are further mixed into an additional polymer matrix, which binds and compresses the granules so that as-made the sensor has a low start resistance. Under exposure to a vapor, the polymer swells and releases the pressure on the granules, causing an increase in resistivity. The field-assisted quantum tunneling mechanism means that the observed response is typically large.
B. Vapor Absorption in Polymers
The response a polymer experiences after exposure to a solvent vapor is governed by absorption thermodynamics and diffusion of the solvent into the polymer. Diffusion of the vapor into the polymer results in mixing between the polymer and vapor molecules, increasing the entropy of the system. However, the absorbed vapor molecules also cause dilation of the polymer, reducing the number of possible orientations of the polymer chains. As the chains orientate to decrease their entanglement, the order of the system increases and thus the entropy decreases. In order for the vapor-polymer reaction to occur, the entropy decrease caused by polymer swelling must be overcome by the entropy increase caused by the vapor-polymer mixing process. Only then can more solvent be absorbed. If the polymer swelling contribution outweighs that of the mixing process no more vapor is absorbed.
The Hildebrand solubility parameter gives an indication of the relative solvation properties of a specific solvent [18] . For solution to occur, solvent molecules must overcome the inter-molecular forces present in the solute. This is more efficient when the contributions to the inter-molecular forces (both polar and dispersive) are of similar magnitude for the solvent and solute.
The compatibility of a polymer-solvent pair can be estimated from the relation:
where δ is the Hildebrand solubility parameter, and the subscripts s and p refer to the solvent and polymer respectively. For a value less than 1, the solvent will dissolve the polymer [19] .
III. EXPERIMENTAL
A. Granular QTC™ Samples
QTC™ granules, consisting of nickel particles dispersed in a silicone binder, were made by Peratech Ltd using a patented process [20] . The sensors used here were originally prepared for a previous investigation into the vapor sensing properties of granular sensors, where the granules were dispersed into a host polyvinyl chloride (PVC) polymer and chlorobenzene solvent and laid onto substrates. Full details of sensor production and sensor characterization can be found in that study and will not be reproduced here [11] . The exact nature of the granules themselves are not reproduced here; as the sensors investigated here utilize the granules as a transducer material affected by the swelling of the host PVC polymer. These sensors were fabricated in 2007, and have been stored in airtight containers for 5 years prior to being retested here.
B. Vapor Sensing Equipment
The equipment used to expose the granular sensors to VOC vapors is shown in Fig.2 . Sensors were placed in a custom-made chamber that allowed the through-flow of a vapor. The chamber was maintained 20 ± 1 °C in an incubator. A Keithley 2740 multimeter, connected to a PC via a GPIB card and running a custom LabView program, was used to monitor the resistance across the sensors. Two separate vapor lines were constructed with Teflon tubing. The purge line provided a flow of nitrogen from a liquid nitrogen boil-off source at a pressure of 2 bar. A mass flow controller (MFC) maintained the flow rate at 3 l/min. The vapor line consisted of a separate nitrogen flow leading into two bubble chambers in series, containing either acetone or THF. A liquid trap was placed either side of the bubblers to prevent any liquid solvent entering the tubing. Flow into the bubblers was maintained with a Cole-Palmer digital MFC set to approximately 80 ml/min. This produced a nitrogen carrier gas saturated with the required test vapor. The bubblers were immersed in a Grant LTC20-40RS oil bath filled with Baysilone M3 silicone fluid with temperature control accurate to 0.1°C.The temperature of the bubblers T controls the resulting vapor pressure P according to the Antoine equation:
where A, B and C are known constants. For P in units of mmHg and T in units of °C the coefficients for THF are 4.12118, 1202.942 and -46.818 for A, B and C respectively [21] . For acetone, the coefficients are 4.42448, 1312.253 and -32.445 [22] .
Vapor flow over the sample was controlled by a manual fourway valve. In the purge configuration, pure nitrogen was allowed to pass over the sensor whilst the solvent vapor was diverted into an exhaust line. In the exposure configuration, the solvent vapor was passed over the sample whilst the pure nitrogen was diverted into the exhaust. In a typical experiment, the sensor was initially purged with nitrogen for 10 minutes. This was followed by a 1 minute exposure to vapor and a 9 minute nitrogen purge. This cycle was repeated up to 5 times. Vapor sensing test apparatus. Flow direction is represented by the arrows. To create the solvent vapor, nitrogen gas from a boil-off source passes through two bubble chambers containing the test solvent (with a liquid trap before and after to prevent liquid backflow through the piping). This is the exposure line. A separate purge line contains pure nitrogen gas.
Vapor flow into the sensor chamber is controlled by a manual four-way switch. In the configuration shown, the sensor chamber is exposed to the test vapor whilst the nitrogen is diverted into an exhaust.
IV. RESULTS AND DISCUSSION
A. THF Exposure Fig.3a shows the response of the granular sensor to THF vapor over 5 purge-exposure cycles. The response magnitude ΔR/Rs is plotted on the y-axis, where ΔR is the resistance increase and Rs is the start resistance. Fig.3b shows a single exposure/purge cycle on an expanded time scale, where the dashed line represents the start and end of the vapor exposure regime. For an oil bath temperature of 19.6 °C, the partial pressure of the THF vapor was calculated to be 127 mmHg using (2) . This corresponds to a concentration of 167 000 ppm of THF. Prior to the first exposure (at a time of 10 minutes) the initial resistance of the sensor was 860 Ω. At the onset of the THF exposure, the resistance increases over 8 orders of magnitude in the first 5 seconds to a peak value, however this peak is limited to 100 MΩ due to equipment limitations. This response has been observed in granular sensors previously [12, 13] , and is due to vapor absorption into the polymer matrix, causing the polymer to swell. This reduces the compression on the enclosed granules, so the enclosed nickel particles move further apart and hence the resistance increases. During the purge process, the resistance drops again but does not reach the start value. The rate of recovery is much slower than the rate of response, and this becomes more pronounced after the second exposure. Graham attributes this to a case II diffusion mechanism [11] , where in the response regime a wavefront of vapor propagates through the polymer, driving the vapor into the polymer via a concentration gradient. In the purge phase there is no wavefront, so the vapor molecules leave the polymer because of the concentration gradient caused by the difference in vapor pressure inside and outside the polymer material.
It can be seen from Fig.3 that the resistance baseline shifts upwards after each exposure. The largest shift is seen after the first exposure, after which the baseline shift becomes progressively smaller. This can be attributed to a stress relaxation mechanism. During the first exposure, the polymer structure swells. When the sensor is subsequently purged, the polymer chains may relax into a more energetically favorable formation that may be different to that of their initial state. This relaxation process is ongoing after the first exposure, where in this case the baseline is shifting upwards to higher resistances with each subsequent exposure. The resistance baseline tends towards a resistance value characteristic of the minimum energy configuration. This phenomenon has been observed previously for QTC™ materials, where the base line can shift either to higher resistances (as in this case) or lower resistances [7] .
The spike in the resistance seen at the onset of each purge regime is likely due to the difference in flow rate of the exposure and purge lines. At the onset of the purge regime, the sudden influx of Nitrogen sweeps any remaining solvent in the Teflon tubing onto the sensor, causing the brief increase in resistance before the sudden decrease to the baseline value. Fig.4 shows a comparison between the data presented in Fig.3 and data obtained from the same sensor collected by Graham in 2007 [12] . It should be noted that the concentration of THF vapor used by Graham was 105 000 ppm, rather than the 167 000 ppm investigated here. Also, Graham used a different purge/exposure regime, where after an initial purge of 10 minutes the sample underwent a 5 minute exposure followed by a 5 minute purge; this was repeated for 5 cycles. Nevertheless, basic comparisons can [12] . The data obtained by Graham underwent a different purge/exposure regime, where both the exposure and purge durations were fixed at 5 minutes. The magnitude of response for the aged sensor is of the order 10 8 , which is much larger than that obtained by Graham, which os of the order of 10 4 .
be drawn from the two data sets. Fig.4 shows that the typical response is much larger for the aged sensor compared to the as-made sensor. The maximum response measured by Graham is of the order 10 4 in magnitude, whereas the aged sensor produces a maximum response of a factor of 10 8 . On first glance this may be attributed to the difference in the THF exposure concentrations. Previous work by Graham investigated a range of THF vapor concentrations. These results are summarized in Fig.5 , which shows the magnitude of response as a function of THF concentration. The high and low vapor concentration regimes suggested by Graham are identifiable and represented by the dashed lines. By extrapolating the high concentration response curve to 167 000 ppm, a magnitude of response in the range of 10 5 -10 7 is predicted, allowing for error. The 10 8 magnitude of response observed here is outside of this predicted range, suggesting that there may be another factor influencing the response than purely the difference in THF concentration alone. Fig.5 . also shows the range of THF concentrations which the sensor responds to. The lowest concentration tested was of the order of 100 ppm, which produced a response magnitude of the order of 10 -3
. The legal limit of THF vapors in the workplace is 250 ppm in air; hence the sensitivity of the QTC™ sensors could mean they suited for monitoring the level of THF vapors in the workplace. Fig.5 also shows the repeatability of the sensors to numerous exposures, as each data point represents a fresh sensor. Multiple data points for each concentration show that the sensors behave in a repeatable manner with a small degree of variation.
It may be that some form of aging mechanism has caused the sensor to become more sensitive to vapors. Little work on the effect of sensor aging can be found in the literature; however studies into the effect of aging on the gas transport properties of PVC are available [23] . Like most polymers, PVC undergoes a reduction in gas Figure 5 . Data reproduced after that obtained by Graham [12] . The change in resistance divided by the start resistance (ΔR/Rs) is plotted as a function of THF concentration for a number of sensors. Each data point represents a fresh sensor, and multiple data points for each concentration give an indication of the repeatability of the sensor response. In general, there is good repeatability with a small degree of variation. Two regimes are observed, these are represented by the black dashed lines.
permeation rate with increased aging. However, this would suggest that the sensor would undergo a decrease in sensitivity with increasing age, as the polymer becomes less permeable to vapor and so limits the degree of swelling. This is in contrast with the results reported here. Fig.6a shows the response of a granular sensor to an acetone vapor, for 5 cycles of purge and exposure. From the temperature of the oil bath, the partial pressure of the acetone vapor was calculated to be 177 mmHg, using (2) . This corresponds to a vapor concentration of 230 000 ppm. Fig.6b shows a single exposure/purge cycle on an expanded time scale.
B. Acetone Exposure
Typically, the resistance of the sensor doubles upon exposure to the saturated acetone vapor. In the first 4 seconds after exposure, resistance increases from 900 to 2020 Ω, by a factor of around 2.2. During the remaining exposure time, the resistance steadily increases. After the onset of the purge, resistance initially drops by a factor of around 0.1 in the first 5 seconds of the purge. A relaxation process is observed for the next 1 ½ minutes, after which the resistance is observed to rapidly drop back to the start value. Fig.6 shows that the resistance response is unstable, in that the resistance transitions rapidly from a high to low value midway during the purge regime, when there appears to be no obvious external cause. This is evident of a sudden charge relaxation process within the QTC™ granules. Charge may build up on the nickel particle tips, where there is a high separation to the nearest nickel particle and hence a high potential barrier. This gives a high resistance. As the granules compress (i.e. as the swelling decreases) eventually the separation is sufficient to allow charge flow, giving a sudden decrease in resistance. This is further demonstrated in Fig.8 of [7] .
Another possible reason for the sudden resistance changes is damage inflicted on sensor through prolonged exposure to high concentrations of vapor. Sufficient swelling may lift the sensor from the electrical contacts, producing an apparent instability in the electrical response. Visual inspection showed that there was some evidence of damage to the silver contacts, after prolonged exposures to high acetone vapor concentrations.
C. Comparison between Acetone and THF responses
The granular sensors exhibit a larger response to the THF than to the acetone vapor. Despite having a larger vapor concentration, the acetone produces a smaller resistance response. If it were the vapor concentration which was solely responsible for this, one would expect the acetone to produce a larger response as the vapor concentration was higher in this case.
As mentioned previously, solubility parameters play an important role and can be used to assess the compatibility of a solvent/polymer system using (1). Table I shows the solubility parameters of THF, acetone and the PVC polymer matrix, where the last column assesses (1) for both the THF/PVC or acetone/ PVC systems. It can be seen that the differences for each system are in this case identical, predicting an equal magnitude of response. However, it should be noted that (1) gives a very simplistic approach in assessing the solubility match. In reality, it is expected the responses will differ in each case, as acetone has the higher solubility parameter and is therefore more polar than THF. Graham et al investigated granules mixed with a polystyrene based polymer matrix [11] . A greater response was observed using THF vapor than for acetone, as is also observed here for the PVC polymer. However, the solubility parameter for the polystyrene-based polymer is not reported so it is difficult to draw comparisons. V. CONCLUSIONS
The utilization of QTC™ granules produced by Peratech Ltd in order to detect volatile organic compounds is of much interest due to the potential applications in artificial olfaction. Similar to other conductive polymer composites, comprising an electrically conductive filler particle embedded in a polymer matrix, QTC™ granules exhibit an increase in resistance upon exposure to organic vapors. However, the resistance of these granules may increase by over 8 orders of magnitude in a time of typically a few seconds, which offers a vast improvement over other polymer composites where the response is smaller and over a longer period of time. QTC™ materials have been shown to undergo field-assisted quantum tunneling, rather than direct percolative conduction, aided by the nanoscale surface morphology which allows charge build-up at the spiky tips on the nickel particles. This gives them an increased sensitivity. Sensors made from QTC™ granules bound in a PVC polymer have been tested with high concentrations of THF and acetone vapors, where THF produces a much larger response. The response can be explained by case II diffusion of the vapor into the polymer matrix, such that the matrix swells and reduces the physical pressure on the granules. Solubility parameters provide a method of matching the vapor to the polymer matrix in order to maximize the sensor response. Comparison of data obtained here and data obtained using the same sensors by Graham et al in 2007 shows that the sensor aging has produced a much larger response, although the exact mechanism for this is not yet know.
Future work will aim to expand on the preliminary results reported here in order to fully assess the repeatability of the sensor response to THF and acetone vapors. As sensor aging clearly has a large effect, which cannot be explained by the difference in the test vapor concentration alone, a range of experiments should be designed in order to fully characterize the effect of aging on the QTC™ granular sensors. Heat treatment may be used to give an accelerated aging process. The sensing of acetone vapors should also be further investigated, where by replacing the silver electrodes with another suitable material the repeatability of the results obtained here may be further assessed. Furthermore, a wider range of VOCs may be tested, to further investigate the role of solubility parameters in characterizing the magnitude of the observed responses.
